The mitochondrial respiratory chain consists of 5 enzyme complexes that are responsible for ATP generation. The paradigm of the electron transport chain as discrete enzymes diffused in the inner mitochondrial membrane has been replaced by the solid state supercomplex model wherein the respiratory complexes associate with each other to form supramolecular complexes. Defects in these supercomplexes, which have been shown to be functionally active and required for forming stable respiratory complexes, have been associated with many genetic and neurodegenerative disorders demonstrating their biomedical signifi cance. In this review, we will summarize the functional and structural signifi cance of supercomplexes and provide a comprehensive review of their assembly and the assembly factors currently known to play a role in this process.
INTRODUCTION
Mitochondria are ubiquitous organelles in eukaryotic cells whose primary function is to generate ATP through oxidative phosphorylation (Attardi and Schatz, 1988) . The mitochondrial respiratory chain (MRC) is composed of five protein complexes: NADH-ubiquinone oxidoreductase as Complex I, succinate-ubiquinone oxidoreductase as Complex II, ubiquinonecytochrome-c oxidoreductase as Complex III, cytochromec oxidase as Complex IV, and ATP synthase as Complex V. Complex I is the entry point for electron transfer, accepting electrons from NADH 2 which are transferred to Complex III via ubiquinone and then to Complex IV via cytochrome c. The proton transfer that accompanies the transport of electrons creates a gradient which provides the energy required to drive ATP synthesis (Mitchell and Moyle, 1968) . There have always been two viewpoints of how these respiratory enzymes exist in the inner mitochondrial membrane. While one envisions the respiratory enzymes as free fl oating in the inner mitochondrial membrane with cytochrome c and ubiquinone as connecting molecules; the other predicts that respiratory enzymes exist in a solid complex composed of varying ratios of different complexes associating with each other to form supercomplexes. While the earlier viewpoint had more support and evidence backing it in the past, the availability of sensitive biochemical assays is slowly replacing the textbook model of independent complexes fl oating in the inner mitochondrial membrane in favor of a MRC model composed of stable supercomplexes operating as the functional units of respiration. The importance of supercomplexes in the pathology of various human diseases is slowly becoming apparent, with reduced and destabilized supercomplexes being observed in various genetic, aging and neurodegenerative disorders.
SUPERCOMPLEXES: UNITS OF RESPIRATION
The idea that respiratory enzymes occur in a supramolecular complex with each other is hardly new; Chance and Williams (1955) were the fi rst to propose that the respiratory enzymes existed as a single unit of respiration. Further research; however, gave rise to evidence that contrasted with the solid state model: when individual respiratory complexes were isolated they were found to possess biochemical activity (Hatefi et al., 1962) , which was unexpected as the solid state model hypothesized that respiratory activity existed only if the enzymes were present as a complex. Additionally, the use of fl uorescence recovery after photobleaching (FRAP) and fl ux control analysis, demonstrated that the electron transfer between different reducing equivalents mediated by cytochrome c and ubiquinone required multiple collisions and occurred across a long range distance of 36 nm (Hackenbrock et al., 1986; Chazotte and & Hackenbrock, 1988; Gupte and Hackenbrock, 1988) indicating that the respiratory enzymes were not in close contact with each other as the solid state model predicted. The electron transfer thus did not seem to require the formation of respiratory enzyme complexes. Even though most of the evidence backed the 'liquid state' model, it could not however explain the isolation of Complex III/IV supercomplexes from bacteria (Berry and Trumpower, 1985; Sone et al., 1987; Iwasaki et al., 1995) and yeast (Bruel et al., 1996; Boumans et al., 1998) . Finally, using blue native polyacrylamide gel electrophoresis (BNPAGE) and milder detergents to isolate mitochondrial membrane proteins, studies from bovine mitochondria showed Complex I, III and IV in supercomplexes, with almost all of Complex I observed in supercomplexes rather than individual units (Schägger and Pfeiffer, 2000) . The most common supercomplexes documented are Complex I/III n , Complex I/IIIn/IV n and Complex III/IV n (Berry and Trumpower, 1985; Schägger and Pfeiffer, 2001; Stroh et al., 2004; Dudkina et al., 2011) (Fig. 1B and 1C) . Most of Complex II was found in a free, non-associated form in plant as well as mammalian mitochondria, while only a small proportion associated with supercomplex I/III/IV (Eubel et al., 2003; Acín-Pérez et al., 2008; Muster et al., 2010) (Fig. 1A) . While Complex V as dimer co-migrates with other supercomplexes but rarely as part of supercomplexes. The following two sections will detail the functional as well as structural signifi cance of supercomplexes while the rest of the review will attempt to delineate what is currently understood about supercomplex assembly and the assembly factors involved.
FUNCTIONAL SIGNIFICANCE OF SUPERCOMPLEXES
The consistent and repeated observations of respiratory complexes associating with each other to form supercomplexes has slowly replaced the idea of a 'fluid state' model of the electron transport chain. However, while plenty of structural evidence was available for the existence of supercomplexes, mainly in the form of electrophoretic patterns on Blue Native PAGE or density gradient centrifugations, not enough evidence was available to indicate their functional significance. Early evidence came from Hatefi et al. who successfully isolated intact Complex I-III particles and established that maximal enzyme activity can be accomplished by reconstituting a mixture of Complex I and Complex III. These reconstituted complexes were stable, and their activities were very similar to particles directly isolated from mitochondria (Hatefi , 1961 (Hatefi , , 1978 . The theory of electron transfer being multi-collisional and long range was countered by evidence in yeast which demonstrated that 'pool behavior' of cytochrome c and ubiquinone did not exist under physiological conditions and was introduced by the addition of chaotropic reagents that dissociated the individual enzymes from the single unit respiratory complex (Boumans et al., 1998) . Using fl ux control kinetics, it was shown that Complex I and Complex III both exert rate control on NADH oxidation implying that they are present in a single complex. The control exerted by Complex IV however over NADH oxidation was relatively weak indicating that Complex IV remained in a free form state. This study also sought to reconcile previous counteracting studies of the existence of cytochrome c and ubiquinone pools, predicting that these molecules may remain in free form or associate with supercomplexes depending on the metabolic needs of the mitochondria (Bianchi et al., 2004) . Last but not least, respiratory active supercomplexes containing Complex I/II/III/IV and I/III/IV were isolated and shown to respire in a Clarke type oxygen electrode (Acín-Pérez et al., 2008) . Termed respirasomes owing to their ability to form functional units of respiration, they were found to contain both cytochrome c and CoQ. Interestingly, cybrids made by fusing one cell type with Complex IV defi ciency and another cell type with Complex III defi ciency completely recovered respiration by complementation and this recovery of respiration correlated with the presence of Complex I/III/IV supercomplexes (D'Aurelio et al., 2006) . While all of these reports point to a more effi cient electron transport when respiratory enzymes are present as supercomplexes, a few recent studies still questioned their functional signifi cance (Trouillard et al., 2011) . The existence of supercomplexes such as III/IV as well as I/III also pose a challenge: what roles could these supercomplexes have if they are not simply artifacts of electrophoresis? It is possible that at any given point in time the respiratory complexes exist as either supercomplexes or as individual complexes depending on the metabolic needs of the cell or the amount of phospholipids in the inner mitochondrial membrane. In such a scenario, supercomplexes I/III and III/IV may act as intermediate supercomplexes which then associate together to form higher order supercomplexes (Acín-Pérez et al., 2008) . As discussed in the following sequence, supercomplex I/III may be necessary to preserve the stability of Complex I. There are also reports of a functional I/III supercomplex. While electron transfer was not found to require the formation of I/III supercomplex, fl ux analysis demonstrated that I/III supercomplex did participate in electron transfer and substrate channeling (Bianchi et al., 2004) and provided a kinetic advantage with a greater rate of NADH cytochrome c reductase activity (Genova et al., 2008) . It has also been suggested that formation of supercomplexes may reduce oxidative damage by sequestering vulnerable sites. Indeed, decreased supercomplexes have been observed in pathologies underlined by oxidative stress (Rosca et al., 2008; Gómez et al., 2009 ). Due to the vast variations observed in the amount and content of supercomplexes between different cell types, a 'plasticity model' was hypothesized (Acín-Pérez et al., 2008) wherein differences in the cell types and physiological states give rise to different combinations of respiratory supercomplexes (Fig. 1) . Evidence for this has been observed in plant mitochondria wherein the composition of supercomplexes changed with oxygen availability (Ramírez-Aguilar et al., 2011) . Thus, different metabolic needs for different organisms and tissue types may dictate the existence of supercomplexes at any given time allowing the entire respiratory chain the fl exibility to accommodate the ATP demands of the cell. It would therefore (Lazarou et al., 2009 ). Thus supercomplex formation not only seems to allow greater substrate channeling and electron transfer but also confers structural stability to the respiratory enzymes. High resolution electron microscopy of different supercomplexes in plants as well as mammalian mitochondria has been of great use in trying to resolve the structures of various supercomplexes in order to understand this structural and functional dependence. High resolution of I/IIIn supercomplex in plant Arabidopsis thaliana showed for the fi rst time that Complex III associates with Complex I by interacting with its membrane arm (Dudkina et al., 2005) . The study also predicted that this association might help ubiquinone bind to Complex I, which occurs above the junction of the membrane and matrix arm, leading to a more effi cient electron/proton fl ow and the reduction in reactive oxygen species production. Single particle electron microscopy using a 3D reconstructed map superimposed on the supercomplex of Y. lipolytica, during subsequent studies in bovine mitochondria, confi rmed this interaction while also resolving the structure of Complex I/III 2 /IV revealing that Complex IV is present adjacent to the Complex III dimer at the distal tip of be of interest to study the composition of supercomplexes in various tissues and understand how the metabolic and stress landscape alters supercomplexes in these tissues.
STRUCTURAL SIGNIFICANCE AND ASSEMBLY OF SUPERCOMPLEXES
The structural implications of supercomplexes have been evident for some time. In two separate studies, Complex I assembly was found to depend on Complex III (Acin-Perez et al., 2004) as well as Complex IV (Diaz et al., 2006; Li et al., 2007) . While Complex I was found to be unstable in the absence of Complex III, lack of Complex IV totally abrogated assembly of Complex I (Li et al., 2007) . The lack of Complex I however was not found to affect either Complex III or Complex IV (Acin-Perez et al., 2004; Li et al., 2007) . These are early evidences of the structural signifi cance of supercomplexes which were reproduced in the bacterial model system, P. denitrifi cans wherein Complex I was found to be stabilized in a supercomplex with Complex III and Complex IV (Stroh et al., 2004) . Surprisingly, in patient cells with mutations in Complex IV COX genes resulting in reduced levels of the subunits, most of Complex IV was , 2008) . However, a more extensive study in Neurospora Crassa showed that Complex I assembly and synthesis was very closely linked with supercomplex formation as the formation of Complex I/III supercomplex was observed to occur before Complex I was formed in its entirety (Marques et al., 2007) (Fig. 2) . It was elegantly shown in mouse mitochondria that Complex I, encompassing the mtDNA encoded subunits, assembles independently to the 830 kDa, high molecular weight. However, association of Complex IV and Complex III subunits, in that order, with the assembled 830-kDa Complex I is required for the incorporation of the remaining Complex I subunits such as NDUFS4 and NDUFV1. Thus assembly and not the just stability of Complex I may require an association with Complex III and IV indicating that supercomplex assembly precedes the assembly of individual respiratory complexes (Moreno-Lastres et al., 2012). Interestingly, this study also observed a lack of assembled Complex I as an individual respiratory enzyme; almost all of the Complex I was present in the supercomplex form indicating the signifi cant role of the detergent concentration in isolating individual complexes as well as supercomplexes.
Assembly factors that aid in the assembly of various respiratory enzymes have been of immense signifi cance not only in trying to understand complex assembly processes but also from a biomedical point of view. Many assembly factors for complexes I, III and IV were found due to mutations identifi ed in patients that caused a deficiency of respiratory enzymes the Complex I membrane arm (Schäfer et al., 2006; Althoff et al., 2011; Dudkina et al., 2011) . Additionally, ubiquinone binding sites were found between Complex I and III at the interphase of the membrane and peripheral arm of Complex I while cytochrome c diffusion distance was found to be 10 nm or less (Dudkina et al., 2005; Heinemeyer et al., 2007) . It was also observed that the complexes are in loose association with one another with the spaces presumably fi lled by membrane lipids such as cardiolipin to keep the complexes stable or to enhance the diffusion of ubiquinone and cytochrome c. Thus these fi ndings lend credibility to the functional and structural signifi cance of supercomplexes.
SUPERCOMPLEX ASSEMBLY AND ASSEMBLY FACTORS
This dependence of Complex I on other complexes led to the hypothesis that supercomplex assembly formation was necessary for the stability of assembled, individual respiratory Complex I which in turn had major biomedical implications (Budde et al., 2000; D'Aurelio et al., 2006; Morán et al., 2010) . Understanding the mechanism of supercomplex assembly has therefore been the focal point of research in the past few years. Because Complex I stability was found to be dependent on the assembly of supercomplexes, it was hypothesized that supercomplex assembly follows the assembly of individual respiratory complexes. Labeling of mitochondrial translational products indicated that there is sequential incorporation of mtDNA encoded subunits into respective complexes followed by super- Protein Cell & leading to mitochondrial disorders (Budde et al., 2000; Dunning et al., 2007; Fernandez-Vizarra et al., 2007; Saada et al., 2008; Sugiana et al., 2008; Ghezzi et al., 2011) . The current hypothesis for supercomplex assembly is two-fold: either there are exclusive assembly factors that help assemble supercomplexes after assembly of individual complexes or the assembly factors between different respiratory enzymes are shared. There are merits and evidences for both lines of reasoning.
Cardiolipin
The earliest assembly factor thought to be involved in the supercomplex assembly was identifi ed to cause a metabolic disorder. Barth syndrome is characterized by cardiomyopathy, skeletal myopathy and neutropenia (Barth et al., 1983) . It is an X-linked disorder caused by mutations in the taffazin (TAZ) gene that lead to reduced production of a membrane lipid called cardiolipin (Bione et al., 1996; Orstavik et al., 1998; Vreken et al., 2000) . Cardiolipin is primarily found in mitochondrial membranes (Fleischer et al., 1967 ) and a decrease in cardiolipin was found to be associated with decreased membrane potential, ATP synthesis and overall mitochondrial function (Santiago et al., 1973; Jiang et al., 2000; Gohil et al., 2004) . The link between cardiolipin and supercomplex assembly became apparent with the fi nding that supercomplexes are destabilized in patients with Barth syndrome (McKenzie et al., 2006) . It was subsequently determined biochemically as well as through electron microscopy that cardiolipin physically binds to Complex I, Complex III, Complex IV and Complex V in the inner mitochondrial membrane (Fry and Green, 1981; Arnarez et al., 2013a Arnarez et al., , 2013b , with as many as 6 binding sites identifi ed in Complex III and IV. In yeast, cardiolipin was needed for the formation of Complex III/IV supercomplexes (Zhang et al., 2005; Bazán et al., 2013) as well as for the transfer of electrons from Complex I to Complex III (Fry and Green, 1981) . Thus, it is possible that cardiolipin in the inner mitochondrial membrane conserves the stability of supercomplexes and maintains effi cient electron transfer between different complexes.
Rcf-1 and Rcf-2
These are isoforms of Hypoxia induced genes (Hig-1) whose functions were unknown except that they were present in the mitochondrial inner membrane and their absence caused mitochondrial dysfunction (Wang et al., 2006; Hess et al., 2009) . Recently, Rcf-1 and Rcf-2 were found to associate directly with Complex IV and indirectly with Complex III. Upon knockdown, Rcf-1 and Rcf-2 were found to affect the levels of supercomplex III/IV in yeast cells (Strogolova et al., 2012) . The mammalian homolog of Rcf-1, Hig2A, was also found to associate with supercomplex III/IV and facilitate their assembly/stability. Hig2A knockdown was also found to reduce all supercomplexes containing Complex IV, including I/IIIn/IV and I/III/IV/V supercomplexes (Chen et al., 2012) . Interestingly, in both of these studies, knockdown of these factors reduced only supercomplex levels and not levels of individual assembled complexes, making them true assembly factors for supercomplexes.
ATP/ADP carrier protein (AAC)
AAC1 and AAC2 are multi-subunit proteins present in the inner mitochondrial membrane and are responsible for the transport of ATP across the mitochondrial membrane (Klingenberg, 1989; Gawaz et al., 1990) . Deletion of these proteins in yeast cells gives rise to lethality suggesting that AAC proteins have cellular functions other than ATP/ADP transport (Chen, 2004) . Using 2D electrophoresis, it was shown that AAC2 not only interacts but also co-purifi es with the Complex III/IV supercomplex and AAC2 null yeast cells showed decreased Complex III 2 /IV 2 levels (Dienhart and Stuart, 2008) . Whether the mammalian homologue participates in supercomplex assembly is however not investigated, and its implications in mammalian supercomplex assembly are unknown.
Other putative supercomplex assembly factors
A few other proteins and lipids have been hypothesized to participate in assembly and stability of supercomplexes. However, fi rm evidence for their role in supercomplex assembly/stability is currently lacking. Prohibitins (PHB) are a conserved family of proteins present in the inner mitochondrial membrane (Berger and Yaffe, 1998) . PHB1 and PHB2 are the most commonly found prohibitins in the mitochondria. Past research has suggested that prohibitins are scaffold-like proteins (Merkwirth et al., 2012) that are involved in mitochondrial function, fi ssion/fusion and mitochondrial biogenesis (Ahn et al., 2006; Schleicher et al., 2008) . Prohibitin has been found to interact with Complex IV (Strub et al., 2011) and co-migrates with supercomplex III n /IV n (Marques et al., 2007) . There is a focus on phospholipids other than cardiolipin that can bind to and stabilize respiratory supercomplexes (Wenz et al., 2009) . A study comparing roles of phosphatidylethanolamine (PE) and cardiolipin showed that both were important in the formation and activity of supercomplexes (Böttinger et al., 2012) . While the study did not see a decrease in supercomplexes when PE was depleted, there was a change in the pattern of supercomplexes formed, suggesting a role for different phospholipids in supercomplex assembly and stability. Since it has been reported that assembly of supercomplexes precedes assembly of Complex I, another hypothesis is that assembly factors required for the last stage of Complex I assembly may in fact be considered supercomplex assembly factors since Complex III and Complex IV have already assembled with Complex I. Thus, NDUFAF2, a Complex I assembly factor that binds to the 830-KDa Complex I to incorporate the rest of the nuclear encoded subunits, might also be considered a supercomplex assembly factor (Ogilvie, 2005; Vogel et al., 2007) .
assembly defects in diseases such as Barth syndrome, aging, other Complex I deficiency disorders such as cardiac myopathies and neurodegenerative disorders is slowly coming to light, and it is of biomedical signifi cance that the assembly and function of supercomplexes is understood clearly. Extensive studies are required to understand how altered supercomplexes translate into mitochondrial dysfunction and how this dysfunction can influence the development and progression of various pathologies. Supercomplex dysfunction may have at least two different impacts on cell survival. Because supercomplexes are believed to be the functional unit of respiration, it follows that defects in either their assembly or stability will decrease the effi ciency of the electron transport chain subsequently decreasing oxidative phosphorylation and ATP production. Moreover, the 'solid state' model of the electron transport chain consisting of supercomplex is believed to reduce the generation of reactive oxygen species whose overproduction can have disastrous consequences for the cell (Dudkina et al., 2005; Rosca et al., 2008; Gómez et al., 2009) . Therefore supercomplex defi ciencies may result in a more liquid electron transport chain and ROS overproduction. Either of these consequences should theoretically impact tissues that are more reliant on oxidative phosphorylation than other tissues which preferentially utilize glycolysis as a means for ATP production. Thus, nervous and muscle tissues may be particularly vulnerable as exemplifi ed by the cardiac and skeletal myopathies observed in Barth Syndrome and the connection between supercomplex deficiencies and both neurodegeneration disorders and aging (Barth et al., 1983; Gómez et al., 2009; Merkwirth et al., 2012) . In particular there is a need to further characterize the supercomplex assembly factors that are known but also to identify novel assembly factors that may participate in disease pathology. Comprehensive loss of respiratory function due to mutations in subunits such as Cox IV (Complex IV) and RISP (Complex III) is now understood to arise due to the loss of supercomplexes, as these subunits associate with Complex I to make a stable supercomplex (Fernandez-Vizarra et al., 2007; Morán et al., 2010) . Considerable attention has been given to understanding the structure and function of Complex III/IV supercomplexes. The same needs to be done for supercomplexes containing Complex I; especially since they are the true 'respirasomes' and will affect mitochondrial function to a large extent. While working with supercomplexes containing Complex I may be diffi cult due to their large sizes, innovative methods such as subtractive proteomics and phylogenetic profi ling have been used to identify Complex I specifi c proteins which may be involved in Complex I function and assembly . Similar methods can be applied to identify more proteins involved in supercomplex assembly and function. Due to the advent of new proteomics approaches, allowing better resolution of mass spectrometry, as well as new biochemical techniques such as the use of new and improved electrophoresis methods (large pore and clear native gel); the identifi cation of new assembly factors has become more feasible. Taking advantage of this new technology is the next big step in un-
